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Abstract

The reduction of welding induced distortion has become an important focus of research
for the shipbuilding industry with the continuing trend of using thinner steel plates in
the ship’s hull and super structure. In this thesis, two recently developed processes
Tandem Gas Metal Arc Welding (T-GMAW) and the Dynamically Controlled Low
Stress No Distortion (DC-LSND) processes were investigated to reduce welding
distortion. T-GMAW has been widely applied in production but its effect on low
distortion welding of ship panel welding is unknown. Most studies on DC-LSND
process are applied on thin plates with a thickness of 1 to 2 mm, while there is no
existing study on ship panels with medium thickness, 5 to 6mm. A feasibility study of
replacing existing Submerged Arc Welding (SAW) with T-GMAW for ship panel
welding, as well as using DC-LSND technology for welding 5 mm DH36 shipbuilding
steel is provided in this thesis. The performance of both T-GMAW and DC-LSND was
investigated by examining the microstructure/ macrostructure, hardness test, impact
toughness test and residual stress measurement. The experimental results showed that
welds done by T-GMAW had better microstructure, lower residual stress than SAW
welds, and DC-LSND process showed a hardening and brittle tendency in welds by
Charpy impact toughness test.

Key Words: shipbuilding, distortion, residual stress, T-GMAW, DC-LSND
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1 Introduction

1.1 Research Background

The trend in the shipbuilding industry to manufacture larger vessels has continued with
the increased volume of freight traffic [1]. In order to minimize ship weight and reduce
fabrication and fuel costs while improving performance, thinner plates are increasingly
used [2]. The development of higher strength steel has also created a trend of using
thinner plates in ship structures [3]. Recently, plate thicknesses as low as 4mm of
DH-36 and X80 grades have been used in warships around the world, including
Australia and New Zealand [4, 5]. However, as the material becomes thinner, the
problem of welding distortion, as shown in Figure 1-1, becomes more significant. Weld
distortion mainly happens in the assembly process, which comprises approximately
48-50% of the total shipbuilding process, and the main operation for this process is
welding [6].

Figure 1-1: Example of buckling distortion on a ship hull [5]
4

Welding is considered to be one of the most vital technologies applied in ship
assembling with weld metal accounting for upwards of 3-4% of the total steel weight of
a ship [7]. Therefore, the quality of welding largely affects the quality of hull and
production efficiency [8]. According to The Welding Institute (TWI), the cost of
correcting weld distortion in total fabrication cost is as high as 30% [9]. The existence
of welding distortion causes variations in the welding structure, and decreases the
dimensional accuracy and carrying capacity of the ship. Furthermore, welding distortion
causes additional bending moments and stress concentration phenomenon under
working loads, and these are the main reasons for early failure of a ship structure.
Accordingly, research on how to reduce welding induced distortion is very valuable for
the shipbuilding industry. A lot of successful research efforts have been conducted in
reduction of distortion and two recently developed processes Tandem Gas Metal Arc
Welding (T-GMAW) and the Dynamically Controlled Low Stress No Distortion
(DC-LSND) process have shown outstanding performance in controlling weld distortion
[9].
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1.2 Tandem Gas Metal Arc Welding (T-GMAW)

Figure 1-2: Tandem welding with two contact tubes electrically insulated from each
other [10]

Tandem GMAW was first proposed in 1988 to enable conventional GMAW a better
welding penetration and after years of research, Fronius has now built maturely
designed T-GMAW equipment which is shown in Figure 1-2. In T-GMAW, two wire
electrodes are positioned in line in the direction of travel. The first electrode, the “lead”,
controls deposition rate and penetration. The second electrode, the “trail”, controls weld
bead appearance. Both electrodes’ arcs contribute to a common weld puddle, but each is
independently controlled by its respective power source (Figure 1-3). Depending on
application requirements, the lead and trail electrodes may exhibit different operating
modes. In recent years tandem GMAW (especially in pulsed mode) has been widely
applied due to developments of digital welding power sources and advances in control
of this process (Figure 1-4). In pulsed tandem GMAW, the waveform control technique
6

produces one droplet per pulse of current, which results in a stable welding process and
less spatter at high travel speeds.

Figure 1-3: Synchronous droplet removal in Pulse Tandem GMAW [10]

The features of the tandem GMAW process include:



High travel speeds on thin section base materials: The anticipated advantage in
travel speed is from 1.5-1.9 times the single wire electrode travel speed.



Improved fit-up: The process is capable of bridging gaps in thin materials.



Less distortion: Higher travel speeds result in reduced heat input, which in turn
reduces distortion.



Low spatter levels: The use of pulse GMAW on the lead and trail arcs leads to
reduced spatter loss when compared to short arc or globular transfer. This is also
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the case when employing a CV lead arc with a pulsed trail arc. Low spatter levels
also means less post weld cleanup.


High deposition rates: It can be anticipated that the deposition rate in many
applications is comparable to submerged arc welding.



High quality weld deposits: Tandem GMAW can obtain excellent mechanical
properties and deliver X-ray quality deposits.

Figure 1-4: Welding torch detail view with two contact tubes electrically insulated from
each other [11]

The currently used ship panel welding process is Submerged Arc Welding (SAW)
because this process has enough weld penetration for medium thick steel plates above 5
mm. However, the heat input in the SAW process is very high and this high heat input
causes large grain size in microstructure. Due to its high deposition rates, low heat input
8

and deep welding penetration, T-GMAW is a potential alternative to SAW.

One challenge with using the low heat input in T-GMAW is its potential to reduce the
impact toughness of welds. Also the residual stress of T-GMAW welds is unknown. In
this thesis, T-GMAW will be used to replace SAW in butt welding joints, and a Charpy
test and neutron diffraction residual stress measurement test will be conducted to
investigate the mechanical properties of the welded joints according to impact
toughness and residual stress.

1.3 Dynamically Controlled Low Stress No Distortion (DC-LSND)

Figure 1-5: Schematic diagram of DC-LSND welding [3]

Dynamically Controlled Low Stress No Distortion (DC-LSND) process, which was first
introduced by Guan into aeronautical industry in 2004, incorporates a trailing heat sink
(an intense cooling source) with respect to the welding torch as shown in Figure 1-5.
The cooling source creates an abnormal temperature field, with a cold zone behind the
9

weld that is surrounded by a hotter zone (Figure 1-6). This abnormal temperature field
created by the trailing heat sink causes a modification of the residual stress distribution,
in such a way, that the compressive stress near the plate edges are reduced to a level
below the critical buckling stress level. This multi-source system, therefore, reduces
welding residual stress and buckling distortion.

Figure 1-6: Example of an optically measured temperature distribution (-20 to 50℃)
during DC-LSND welding, showing the rapid cooling of the hot material during
welding [3]

The commonly used welding process for fillet joints in the shipbuilding industry is Gas
Metal Arc Welding (GMAW). Distortion correction for fillet joints is very difficult, so a
weld process with better distortion control is required. In comparison with other
methods for eliminating welding residual stress and distortion, the DC-LSND technique
provides more flexibility in practical applications and better distortion control. The
trailing heat sink in the DC-LSND process has shown great performance in controlling
distortion in Aluminum and Titanium structures. However, compared to aeronautical
materials like Aluminum and Titanium, shipbuilding steel is a hard and brittle material.
10

Excessive hardness can cause cold fractures in welds and the fast cooling process in
DC-LSND is likely to cause high brittleness and excessive hardness in the steel welds.
In this thesis, the DC-LSND process was applied in 5 mm shipbuilding steel DH36
plates with CO2 snow cooling to investigate its performance for the shipbuilding
industry.

1.4 Research Objective

The objectives of this research are:

(i)

To provide a feasibility study of replacing existing SAW with T-GMAW for ship
panel welding

Feasibility of T-GMAW in shipbuilding is investigated by comparing the test results
with Submerged Arc Welding (SAW), the currently used hull structure welding process.
The study is done through:


Microstructure observation and analysis: By analyzing the microstructure in weld
cross-section, the influences of these structures to mechanical properties can be
investigated;



Hardness test: Since excessive hardness would cause cold cracks and brittle
fractures, a hardness test is needed to ensure the hardness is below the standard
hardness value;
11



Charpy impact toughness test and fracture analysis (composition and morphology):
Impact toughness is a very important property for a weld. Since in T-GMAW the
heat input is lower than SAW, the Chary impact toughness test is necessary to
ensure the welds under T-GMAW qualify under the Australian Welding Standard;



Neutron diffraction residual stress measurement: The feature of low heat input for
T-GMAW indicates a lower residual stress than SAW. Therefore residual stress
measurement is done in this research to investigate the residual stress level of
T-GMAW welds.

(ii)

To provide a feasibility study of using DC-LSND technology for welding 5 mm
DH36 shipbuilding steel

While previous investigations using the DC-LSND process have been conducted on
many materials, they have only applied it to 1 to 2 mm thin plates. The history of
development of DC-LSND process is provided in Table 2-1. And in this thesis, the
process is applied to welding medium 5 mm steel plates to examine the microstructure
and hardness maps. Tests done for the DC-LSND feasibility study include:


Microstructure observation and analysis: The special trailing heat sink in the
DC-LSND process would cause special microstructure and small grain size.
Therefore, by analyzing the microstructure these inferences can be investigated;



Hardness test: Since shipbuilding steel is a very hard material compared to
Aluminum and Titanium, the fast cooling process would make the steel weld with
12

excessive hardness which would cause cold cracks. Thus the investigation of
hardness for DC-LSND welds is necessary.

1.5 Thesis Outline

The remainder of Chapter 1 and Chapter 2 provide a description of the existing state of
the art procedures for controlling welding induced buckling distortion. A comparison of
several widely used methods in reducing residual stress and distortion, conventional
welding processes and some advanced welding processes, are also provided in these two
chapters. Particular attention is paid to the Tandem Gas Metal Arc Welding (T-GMAW)
and Dynamically Controlled Low Stress No Distortion (DC-LSND) active cooling
process, which is expected to have the ability to largely reduce residual stress and
distortion in welds.

Chapters 3 to 7 describe the experimental aspects of this research. This includes the
welding setup and material (Chapter 3), microstructure analysis (Chapter 4), hardness
test (Chapter 5), Charpy impact toughness test (Chapter 6), and neutron diffraction
residual stress measurement (Chapter 7). In order to ensure the universality of welding
results, 3 weld samples of conventional T-GMAW and 2 weld samples of DC-LSND
are contained in the analysis. Also before every experiment, a brief introduction of the
test is given. Conclusions and future work of this research will be presented in Chapter
8 at the end of this thesis.
13

14

2 Literature Review

2.1 Residual Stress and Distortion

Weld induced residual stress and distortion in shipbuilding, as shown in Figure 2-1,
cause errors during the assembly process and result in greater rework costs and a
reduction in productivity [12]. Welding residual stress and distortion reduce the static
load capacity, fatigue strength and stability of component accuracy of welded structures.
In addition, they increase the possibility of the emergence of brittle fracture, weld
cracks and stress corrosion.

Figure 2-1: Several types of welding distortions. The arrows indicate the shrinkage of
the weld metal that causes these deformations [3]

It is known that the main reason for welding residual stress and distortion is the local
and non-uniform heating or cooling of weld joints during the welding process. The
non-uniform thermal cycle causes plastic deformation and then causes residual stress.
15

2.2 Distortion Reduction Methods in Welding

Reduction in weld induced distortion and residual stress has been discussed for a long
time in the welding industry and this section is a summary of the previous research
efforts to reduce weld distortion.

2.2.1 Joint design

A well designed weld can reduce welding distortion from the very beginning [13].
There are several ways to optimize a weld:

(i)

Make fillet welds longer and smaller in size;

(ii)

Use partial joint penetration (PJP) groove welds instead of fillet joints [14];

(iii)

Use groove weld details that minimize the required amount of weld metal;

(iv)

Use intermittent fillet welds where appropriate [12].
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2.2.2 Preventive measures and correction methods before and after welding

Currently, preventive measures before welding and corrective actions after welding are
the most widely used methods to reduce weld induced distortion.

Preventive measures before welding include the pre-deformation method and rigid
fixation method (Figure 2-2). In the pre-deformation method, pre-deformations, which
are equal and opposite to the predicted deformations after welding, are applied to work
pieces before being welded. In this way, the weld induced deformations offset the
pre-deformations. However, since the predicted deformations cannot be precisely
calculated and estimated, some residual deformation will still inevitably exist. In the
rigid fixation method, rigid molds are adopted to fix the work pieces as much as
possible, so angular distortions and bending deformations are controlled [15]. The
stresses are reduced by longer clamping times, preheating of the clamps, and transient
clamping, respectively [16]. One limitation of using this method is that a lot of residual
stress is left behind in work pieces [17], but this may be improved in future with the use
of smart clamping devices that better control the welding distortion [18, 19].

17

Figure 2-2: Clamping table after welding of T-joint [23]

Corrective actions after welding include the heating correction method and mechanical
correction method. In heating correction, deformations in the work pieces are reheated
by flame, while the thermal expansion of the material is restricted by the rigidity of the
material itself and this produces compressive plastic deformation. When the work piece
cools down, the cooling shrinkage offsets the residual deformation. A limitation of
heating correction is that it inevitably causes metallurgical side effects, such as internal
stress in work pieces.

To sum up, neither preventive measures before welding nor corrective actions after
welding can fundamentally and effectively reduce or eliminate weld induced distortion
and residual stress. Therefore, more attention and research are paid to active distortion
reduction methods. Residual stress control during the welding process can easily protect
welded components without any additional procedure after welding [20].
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2.2.3 Active distortion reduction methods

Residual stress can be reduced by controlling welding conditions, such as heat input
[21]. Residual stress in work pieces can also be reduced by controlling the sequence of
welding passes [22] and the welding process because the distribution of residual stress
along the weld can be influenced by the heat input and metallurgical transformations
[24].

A developed in-process control method using reverse-side TIG heating at a fixed
distance ahead of MIG welding has been experimentally proven to be able to reduce
welding angular distortion in fillet welds. This in-process welding distortion control is
schematically illustrated in Figure 2-3. The reverse-side TIG heating was conducted at a
fixed distance, D, ahead of the MIG welding. Mochizuki argues that the reduction of
angular distortion is the result of two main causes: one is TIG heating on the reverse
side providing the opposite angular distortion by thermal strain, and the other is the
preheating effect by TIG heating. This method is thus effective for reducing angular
distortion [25]. The limitation of this process for shipbuilding is that in the assembly
process, it may not be possible to set a TIG pre heating torch on the back of welds.
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Figure 2-3: Schematic illustration of welding distortion control by reverse-side heating
[25]

Combining vibration with welding [26] has also been developed as an in-process
method of residual stress reduction. It is a process which imposes periodic external
force (exciting force) to the weld during the normal welding process and makes the
weld piece vibrates so as to reduce the residual stress and improve the welding quality.
It also reduces production costs since it eliminates the need for stress treatment after the
welding process. Vibration welding can effectively avoid weld induced distortion,
improve fatigue strength of the weld and increase weld mechanical properties [27]. The
advantages of vibration welding are:
(i)

When weld metal is in the molten state, vibration can change the microstructure
of weld metal, refine the grain and improve the mechanical properties of the
weld;

(ii)

In the same state, the material of the weld has a low yield strength, so vibration
reduces the gradient of thermal stress, and subsequently reduces the welding
residual stress;
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(iii)

Under vibration, it is easier to remove bubbles, impurities and hydrogen in the
crystallization process which induce stress concentration. This technology also
refines the grain from the beginning of the welding process and adjusts strain to
reduce residual stress through thermal-plastic deformation under thermal state.

Vibratory welding (VW) can reduce the residual hoop stresses at the outer surface, but
VW has little effect on the residual axial stresses at the outer surface as shown in Figure
2-4 [28]. Vibration stabilizes microstructures so that they are more resistant to heat
effects [29, 30]. However, VW is inappropriate for the shipbuilding industry because it
is very difficult to apply the exciting force to the steel weld pool and such force would
probably cause instability for the weld arc.
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Figure 2-4: Residual stress comparison between N-SAW and V-SAW in: (a) maximum
residual stress; (b) minimum residual stress; (c) axial residual stress; and (d)
circumferential residual stress [30]

In 2009 Huajun Zhang et al. designed a new Double-Sided Double Arc Welding
(DSAW) method in order to improve the quality and productivity of welding and reduce
angular deformation in low-alloy high-tensile steel, the welding process is shown in
Figure 2-5. He also investigated the relationship between arc distance and distortion,
and how to realize Low Stress No Angular Distortion (LSNAD) during the double-sided
arc welding process. After the experiments, Huajun came to several conclusions:
(i)

The thermal character of DSAW was expressed as thermal interactions between
fore TIG preheating and rear TIG post heating. The fore TIG preheating and rear
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TIG post heating temperature will basically decrease as the arc distance
increases. The temperature distributions calculated are

consistent with

experimental measurements;
(ii)

Also the angular distortions calculated are consistent with the experimental
measurements. The effects of arc distance on the angular distortion demonstrate
that the residual angular distortion with an increase in arc distance exhibits a
nonlinear relationship. Non-angular distortion appears at arc distance 0 mm and
50 mm. Thus a proper arc distance can control angular distortion;

(iii)

The transverse and longitudinal residual stresses of Submerged Arc Welding
(SAW) are larger than those of Double SAW except for the longitudinal stress
on the bottom surface because of the thermal imbalance of two sides and the
higher gradient of temperature for SAW relative to the DSAW;

(iv)

There are some factors, such as the post heating treatment provided by rear pass,
the preheating treatment and restrain force induced by fore pass, that mainly
influence the longitudinal residual stress with arc distance variety;

(v)

An analysis of the relationship between the longitudinal residual peak stress and
the angular distortion at arc distance illustrates that the effect trends of two
curves are similar with arc distance variety and Lower Stress and Non-Angular
Distortion is produced at arc distance 0 mm to 50 mm. To regulate arc distance
is to reach the aim of LSNAD [31].
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Figure 2-5: Double-sided double arc welding process (DSAW) [31]

In spite of the advantages of DSAW in welding thick steel plates, it is not appropriate in
welding medium or thin plates because the heat input of this process is too much for
thin plate welding, and the time required for joint preparation and multi bead would
decrease productivity.

2.2.4 Alternative welding methods

Beside the distortion control in arc welding shown above, many advanced welding
technologies can also make high quality welds and indirectly reduce weld induced
distortions.

Magnetic pulse welding (MPW) is a solid state welding process analogous to explosive
welding in which a high speed oblique impact of two work pieces creates a weld as in
Figure 2-6 [32]. Unlike conventional welding processes, no melting is involved and thus
no major changes in material properties take place [33]. Magnetic pulse welding is
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based on the concept of discharging a high energy current through a coil surrounding
the work piece during a very short period of time. The high and extremely fast current
creates magnetic forces between the coil and the work piece that accelerate the work
pieces to generate a solid state cold welding [34]. The main advantages of MPW can be
summarized as follows:
(i)

In pulse welding, the high-temperature residence time is short and it also has a
rapid metal condensation;

(ii)

It has a low heat input and a small HAZ which are conductive to thin sheet
welding [35];

(iii)

In pulse welding, we can precisely control heat input and weld pool size [36];
and

(iv)

The high-frequency arc oscillation in pulse welding in conductive to grain
refinement and improve welding quality since it eliminates weld porosity [37].

Figure 2-6: System schematic of Magnetic Pulse Welding [38]
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Although MPW has many advantages, as shown above, it is still an immature
technology. The welding parameters like current and voltage still need to be
investigated further if they are to be applied to shipbuilding industry.

High-energy welding processes, such as laser or electron beam welding (Figure 2-7), are
being applied in an increasing number of industrial applications because of the narrow
heat-affected zone, low residual distortion, high productivity, flexibility and lower
operating costs compared to traditional joining processes [39]. Laser welding uses
atomic stimulated radiation and provides a high-energy beam with uniform wavelength
in the same direction, which would immediately melt welding material and finish the
welding [40]. Electron beam machining (EBM) uses an electron beam formed by
focused and accelerated electrons impacting on the work piece surface. This impact will
provide a keyhole effect and melt welding material immediately [41]. Beam welding
processes offer the advantages of low component deformations, low heat input and
remote application, which enable the joining of complex component geometries [42].
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(a)Laser Welding

(b) Electron Beam Welding

Figure 2-7: High Energy Welding Processes [43]

However, these two high energy welding processes are too expensive for the
shipbuilding industry. Also, the requirements for a clean environment for laser welding
and EBM are too strict for a shipbuilding workshop. In other words, they are not
appropriate for shipbuilding.

The technology of friction stir welding (FSW), shown in Figure 2-8, can create high
quality welds [44]. FSW has a welding head that spins a tool against the materials that
are being welded. The combination of spinning and high pressure creates friction that
puts the metal into a plastic state, joining the two pieces and making the weld [45].
Since melting does not occur in FSW, the basic metallurgical qualities of welded metals
are not changed, and joining takes place below the melting temperature of the material.
The FSW process also has low heat input, with minimal distortion, and does not require
filler material and it also does not produce fumes. However, FSW cannot be applied in
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welding shipbuilding steel because high strength steel is too hard for the welding head
in FSW to spin.

(a)

(b)

Figure 2-8: Friction Stir Welding: (a) a typical FSW head as it is removed from the
plate; (b) 25mm shoulder diameter Triflute MX tool and 50mm shoulder diameter
Triflat tool [44]

In summary, although techniques developed for the reduction of weld induced residual
stress and distortion are sundry, they generally have very similar basic principles: (i)
reducing the size of the plastically strained zone and the amount of the plastic strain
during the heating stage; (ii) using plasticity compensation through cooling or heating
for the plastic lost in the melting stage; and (iii) compensation of the welding
deformation by pre-weld misalignment [3].

2.3 Tandem Gas Metal Arc Welding (T-GMAW)
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In tandem GMAW, two wires are fed through two electrically isolated contact tips into
a single weld pool. According to Nadzam in 2003, the benefits of T-GMAW over
conventional single torch welding processes include increased productivity, less
distortion, low spatter levels, high deposition rates and high quality weld deposits [46].
Similar benefits were confirmed by Fersini and Matera in 2008 by applying tandem
GMAW on S355 steel and comparing SAW and conventional GMAW on the same
material [47]. Till now most research has focused on the stability of weld pool in
tandem GMAW. As a relatively new process, although T-GMAW is commercially
available, it is yet to be optimized for implementation in the shipbuilding industry. Most
T-GMAW systems achieve best performance in the anti-phase synchronized pulsed
mode, avoiding an overlap of peak pulses current between the two arcs [48].
Synchronized T-GMAW allows an increase in welding speed of as much as 50%
compared to a GMAW that achieves similar weld deposition and penetration without
adversely effecting weld quality or heat input [49].

Pulse transfer is often used and to avoid magnetic interference the pulse waveforms may
be synchronized to produce pulses on one wire whilst the second arc is in the
background phase [50]. This process has been used for fill passes in high strength thick
walled pipe with remarkable gains in productivity and excellent joint mechanical
properties [51]. However, in this high-productivity welding process, the existence of
magnetic interactions between the arcs is intrinsic and whether the effects of these

29

interactions are positive or negative remains unclear. Further, when the process is used
with low current levels, these interruptions generate a lack of deposition and fusion
defects [52, 53]. Norrish investigated these phenomena in 2012 by setting the welding
current initially at 50 A which is a typical background current in tandem GTAW, where
arc extinction problems are known to occur (Figure 2-9) [54]. He also tested two higher
currents 80 and 100 A. He found that there is an indication that the use of
high-frequency current pulsing decreases the arc resistance to extinction, which
contradicts previous findings, and the arc extinction takes place if the heat produced in
and entering into the plasma column becomes insufficient to balance the plasma column
total heat loss [55].

(a)
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(b)

(c)
Figure 2-9: (a) Extinction of a 5-mm-long GTAW arc (welding current=50.2 A; torch
angle=90 degree); (b) Extinction of a 50-A GTAW arc when it is set to push the weld
pool (115 degree); (c) A 50-A GTAW arc extinguished when the weling current is set to
pulse at 1000Hz (arc length=10 mm; torch angle =90 degree) (data acquisition at 20
kHz) [54]
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During high speed welding, welding defects of humping and undercut occur as shown
in Figure 2-10. This is caused by the unstable behavior of the molten metal pouring
basin formed between the two wires and the subsequent irregular molten metal flow
towards the rear of the weld pool. This flow was influenced by the balance of forces
acting upon the molten metal from each of the leading and trailing arcs. In addition, it
was evident that the filling action of molten metal at the penetration surface also
influenced the regular bead formation during high speed welding. Thus, Ueyama from
Daihen Corporation investigated the effects of the welding currents of the leading and
trailing wires during tandem pulsed GMAW upon the high speed welding bead
formation and the welding current distribution to improve the limiting welding speed.
The experiment was done on a mild steel plate with 80% Ar and 20% CO2 shielding
gas. He found that the welding current ratio of the leading wire to the trailing wire
greatly affects the elevation of the limiting welding speed; that is, there exists a range of
the optimum welding current ratio required to obtain a regular bead during high speed
welding and outside this range an improved welding speed cannot be expected [56].
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Figure 2-10: Comparison of bead appearance and cross-section with current ratios
[56]
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Ueyama also investigated the prevention of arc interruption and control methods for the
arc length stabilization during tandem pulsed GMAW. He concluded that when the
value of the base current in the trailing arc is increased, the frequency of the occurrence
of abnormal arc voltage rises and arc interruptions decrease, and these problems can be
avoided with the value of the base current set to 120A. However, with this current, 1
pulse 1 globule transfer synchronized with the pulse becomes difficult and this becomes
a primary factor for the occurrence of spatter [57].

Figure 2-11: Schematic diagram of tandem pulsed GMA welding power sources [57]
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Another issue with the high welding speed is the appearance of the humping
phenomenon. The fluid flow and the high velocity and momentum of the backward
directed flow of molten metal in the weld pool, arc pressure, metallo-static pressure,
capillary forces and lateral instability of a cylindrical or curved wall jet of molten weld
metal and the periodic solidification of this curved wall jet would probably due to the
formation of humping [48].

Also the feature of low heat input in T-GMAW process could potentially cause the low
impact toughness of welds. With a low heat input, the period the molten metal stays
above A1 temperature is comparatively short. This causes austenitic transfer into
martensite or upper bainite formed by flaky ferrite. With these microstructures the
impact cross section extends along the flaky ferrite. In other words the impact toughness
would be comparatively low.

2.4 Dynamically Controlled Low Stress No Distortion (DC-LSND) Welding
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Table 2-1: Development of DC-LSND process
Thickness

Year

Author

Simulation/Application

Material

2004

J. Li, Q. Guan, Y. W. Shi, D. L. Guo

Both

Ti-6Al-4V

2.5

CO2 snow

Simulation

AA 2024 T3 Alloy

6.3

CO2 snow

3

Air

2.5

Fluid or gas

1.5~2.0

CO2 snow

2006

2006
2006

D. G. Richards, P. B. Prangnell, P. J. Withers,
S. W. Williams, S. Morgan
Guohong Luan, Guang Li, Congqing Li,
Chunlin Dong
F. A. Soul, Y. H. Zhang

Application
Simulation

6082-T6 Aluminum,
5A06-O Aluminum
Ti-6Al-4V

(mm)

Cooling Source

AISI 316L Stainless steel,
2007

Elisabath Maria Van Der Aa

Both

DP600 Steel, AA2024
Alloy

2009
2010
2011
2011

M. Jariyaboon, A. J. Davenport, R. Ambat, B.
J. Connolly, S.W.Williams, D. A. Price
Cory J. Hamelin, Lyndon Edwards
Okano Shigetaka, Mochizuki Masahito,
Toyoda Masao, Ueyama Tomoyuki
R. S. Sudheesh, N. Siva Prasad

Application

AA 2024 T351 Alloy

6.35

CO2 snow

Simulation

DH36 Shipbuilding steel

5

CO2 snow

Application

SM490Y Steel

12

Water

Application

Mild Steel

2

Liquid nitrogen
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Figure 2-12: Schematic diagram of DC-LSND welding technology [58]

Dynamically Controlled Low Stress No–Distortion (DC-LSND), as shown in Figure
2-12, was firstly developed by Guan et al. from Beijing Aeronautical Manufacturing
Technology Research Institute (BAMTRI). In this technique, a localized intensive
moving spot heat sink is introduced into the conventional gas tungsten arc welding
process. This heat sink moves behind the torch and it can be adjusted at a proper
distance [11]. The influence of the trailing heat sink on the temperature development
during welding has been investigated by Li et al. and it is shown that the rapid localized
cooling at a short distance behind the welding heat source results in an abnormal
welding temperature field with a characteristic saddle-shaped temperature profile. As
shown by both experimental and modeling work, this abnormal thermal field has a large
effect on the residual stress distribution. In DC-LSND GTAW, the intense cooling and
abrupt contraction of metals beneath the heat sink impose a high tensile action on the
surrounding metal, which make the compressive plastic strain generated during the
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heating process smaller than that in conventional GTAW [58]. Welding with a trailing
heat sink leads to a longitudinal residual stress distribution (parallel to the welding
direction) with low tensile or even compressive stresses around the weld zone and
reduced compressive stresses at the plate edges. When the compressive stresses near the
plate edges are reduced sufficiently, buckling deformation is prevented [3].

Guan tested DC-LSND technique on Ti-6Al-4V titanium alloy. And both experimental
and numerical results revealed that the intense action caused by the heat sink can
mitigate the residual stress and distribution in welded structures. He also investigated
the results and found that by the intense cooling effect of the heat sink, a saddle
temperature field is formed and it results in significant tensile action on the surrounding
metals, which decreases the compressive plastic strain developed in the heating process
and increase the tensile plastic strain developed in cooling process for the metals within
and near the weld. From the welding simulation, he found that the residual plastic strain
at the centerline is changed from compressive to tensile, and compressive plastic strains
near the weld are reduced; corresponding residual stress at the weld centerline changes
from tensile to compressive, therefore the residual stresses near the weld are decreased.
Guan also made tensile and bending tests on welded joints and the experimental results
showed that the introduction of the heat sink to GTAW process will not have
appreciable influence on mechanical properties such as strength, plasticity and bending
ability.
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F. A. Soul and Y. H. Zhang found that using the trailing heat sink technique, shorter
duration at high temperature was attained and the thermal cycles of weld metal was
heating – cooling – heating - cooling. According to the change of temperature
distribution topography in DC-LSND process, the different transient stress behaviors
produced developed during process. The valley profile in thermal history induced by the
cooling zone can build new side of cooled material and decrease the resistance induced
by the base metal. Both the residual plastic strain and the residual stress are minimized
through whole thickness in the active region of cooling zone. Immediately behind the
cooling zone, the longitudinal residual stress and elastic strain profiles change its sign in
some range of temperature and time. The enhancement of heat transfer in DC-LSND
process will generate complex tensioning effect, which can build the effective
mechanism for stress minimization

E. M. van der Aa investigated the function of the trailing heat sink and revealed the
mechanical mechanisms that lead to the typical residual stress distribution in DC-LSND
technology in 2007. She claimed that the temperature field during welding is the driving
force for the development of welding stresses and strains. The purpose of the trailing
heat sink is to change the thermal field in such way that the welding induced residual
stresses stay below the critical buckling stress level. She used three-dimensional thermal
finite element (FE) models to illustrate the effect of the trailing heat sink on the
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temperature distribution. And the figure below shows examples of calculated
temperature distributions for GTA welding with and without a trailing heat sink on an
1.5×100×200 mm AISI 316L stainless steel plate. For the DC-LSND weld, a simplified
heat sink model is used which consists of a fixed heat transfer coefficient of
hsin k  10kW / m2 K that is applied within a spot of 14mm diameter, following the

welding heat source at a distance of 25mm.

Figure 2-13: Simulated temperature profiles for (a) conventional welding, and (b) for
welding with a tailing heat sink [3]

As shown in Figure 2-13, the essential feature of the DC-LSND welding technique is
the existence of the temperature valley just behind the welding heat source. E. M. van
der Aa divided the temperature field of the DC-LSND welding into three zones: zone 1
undergoes a cycle of heating and rapid cooling; zone 2 undergoes a cycle of heating and
gradual cooling; zone 3 represents the cold base at the plate edges.
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The trailing heat sink creates a cold zone behind the weld that is surrounded by a hotter
zone, which was heated by the welding heat source, but not cooled by the trailing heat
sink. This characteristic DC-LSND welding temperature history results in a strong
decrease of the residual tensile stresses around the weld zone, and therefore also a
decrease in the compressive stresses towards the plate edges, to a level far below the
critical buckling stress level. It was indeed observed that the buckling deformation of
the sample was fully eliminated. However, when a trailing heat sink with the same
properties is applied at higher welding speed (e.g. 8mm/s), the characteristic DC-LSND
welding temperature history is no longer present, as shown in the below Figure 2-14.
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Figure 2-14: Temperature fields (in ℃) during welding, and longitudinal residual
stress fields for a 1.5×100×200mm thick AISI316L steel plate, welded with (a)
conventional welding with 65A and 3mm/s, (b) DC-LSND welding with 65A and 3mm/s,
and (c) DC-LSND welding with 125A and 8mm/s [3]

Then she concluded her research on cooling source of DC-LSND process as follows:
(i)

the cooling source heat transfer coefficient should be as high as possible;

(ii)

The cooling source should be positioned as close as possible to the welding heat
source without affecting the welding process;

(iii)

The cooling source should be narrow enough to penetrate the welding
temperature field; hence, the optimum cooling source width depends on its
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position relative to heat source, which, in turn, depends on the welding process,
welding parameters, and thermal materials properties of the work piece.

Figure 2-15: Example of the reduction in buckling distortion deformation in laser
conduction mode bead on plate welds in 304L stainless steel, with and without active
cooling.  X represents the distance between laser and cooling jet [59]

Since cooling source has to meet the three requirements above, the design of cooling
source is significant in DC-LSND technique. Several cooling source options have been
tried and CO2 snow jet stands out and gives the best results. According to Gabzdyl, the
relative cooling potential of the CO2 (100%) is much higher than that of liquid nitrogen
(56%), liquid argon (48%), or compressed air (1%). It is the extraction of the heat by the
sublimation of the CO2 snow that makes CO2 such an effective coolant, particularly
when compared to other coolants. Compared to latent heat of evaporation for liquid
argon (-186℃), and liquid nitrogen (-196℃) are 162k J/kg and 199 kJ/kg, the latent
heat of sublimation of CO2 (-78.5℃) which is 573 kJ/kg is much higher. And another
advantage of using the solid CO2 snow jets is that there are no problems with residual
liquids that need to be removed [60].
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And for the welding speed, it is noteworthy that although the longitudinal buckling
deformation is best eliminated at lower speeds, the cooling starts to have a negative
influence on the deformation in the transverse direction. As shown in Fig. 2.14, both
plates show no longitudinal buckling deformation, as a result of the active cooling,
however, the plate welded at 3mm/s shows a severe transverse out of plane deformation
towards the plate edge. Hence, E. M. van der Aa claimed that the observed out-of-plane
deformation during welding is more severe for the DC-LSND welds than for the
conventional welds (2-16).

Figure 2-16: (a) Comparison of plate deformations of two 1.5mm thick DC-LSND
Aluminum plates welded with 65A and 3mm/s (front) and with 125A and 8mm/s (rear),
and (b) the out-of-plate deformation of a 1.5mm thick DC-LSND sample welded with
3mm/s [3]

Thus, although DC-LSND welding can effectively minimize or even eliminate the
welding induced buckling distortion, it has several restrictions on use. Since there have
to be an enough temperature difference between the welding torch and the cooling
source in order to reach the typical DC-LSND temperature field, the temperature
gradient of the welding torch have to be as large as possible, it would need high-energy
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welding, also since the cooling source should be as powerful as possible, CO2 snow
was mainly used in most of the DC-LSND researches. Also since DC-LSND process
would cause out-of-plane deformation on reverse side, the innovation for suitable
welding process in specific welding is needed.

2.5 Summary

Welding distortion caused by residual stress largely affects the quality of hull,
production cost and production cycle. In addition, the stresses in the weld and HAZ can
decrease the corrosion resistance and increase the chance of cold cracking [61, 62].
Therefore, it is imperative to control welding buckling distortion effectively and
fundamentally. Although many welding technologies have been developed to reduce
weld induced residual stress and distortion, such as reverse side heat welding, double
sided arc welding and vibratory welding, they are more or less not applicable or sided in
controlling weld induced residual stress and distortion in medium thick high strength
steel plates. Currently used process for butt weld joints is submerged arc welding,
compared to this process T-GMAW has shown higher productivity and lower heat input,
and at the same time T-GMAW also has deep penetration and high deposits. For fillet
joints in shipbuilding, conventional GMAW process is currently in use. Since distortion
in fillet joint is very difficult and costly to correct, the DC-LSND process has shown it
alternative possibility to conventional GMAW. Thus, feasibility studies of T-GMAW
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and DC-LSND process in medium thick high strength steel plates welding are very
meaningful for shipbuilding industry to improve productivity and reduce production
cost.
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3 Experiments

3.1 Material

All experiments in this research were performed on 5~6 mm DH36 steel plates. DH36 is
a high tensile strength steel for shipbuilding and oil platform. It is a hull structural steel,
with good toughness properties, high strength, strong corrosion resistance, good
processing properties, and good welding weldability. Table 3-1 shows the chemical
composition of DH36 steel [63]. The microstructure of DH36 steel is shown in Fig. 3-1.
The microstructure of the base metal is fine grained ferrite structure with a grain size of
7-9 microns.

Table 3-1: Typical chemical composition of both 5mm and 6mm DH36 steel plates [63]
Element
C
Si
Mn
P
S
Al
Ti
Content (%)

0.14

0.22

1.37

0.007

0.001

0.017

Cu

Cr

Ni

Mo

Nb

V

0.14

0.08

0.4

0.08

0.03

0.001
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0.003

Figure 3-1: Microstructure of DH36 steel [500×]

3.2 Welding Setup

3.2.1 T-GMAW

The T-GMAW process in this research was performed by a Fronius T-GMAW system
(Fig. 3-2).
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Figure 3-2: Basic diagram of standard tandem welding components in an automated
application [10]

In this system the two power sources were converted to digital technology by which two
power sources communicated with each other for the synchronization of the two electric
arcs. Also the robot activated two power sources as a single power source. Weld feeders
in this system are capable of unwinding wire from large and drum coils in a manner that
also straighten the wire.

Fig. 3-3 shows the schematic of the welding torch in Fronius system. In this torch, wire
electrodes are electrically insulated from one another which run through a common gas
nozzle and share a common welding torch. Torches are available in a slim-line
construction model where the wire feeder mounts close to the torch to minimize
distance of wire travel and a push-pull design that incorporates an additional wire
advancing mechanism in the torch when the wire feeder is farther away or softer wire is
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being used. And in the torch for this research, 1.2 mm diameter ER70S-6 welding wire
and shielding gas containing 81.25% Ar 16% CO2 and 2.75% O2 with 30L/min flow
rate were used.

Figure 3-3: Welding torch detail view with two contact tubes electrically insulated from
each other [11]

The robot system for this T-GMAW performance was the ABB IRB 4400 on linear rail
as shown in Fig. 3-4 (a) and (b). This T-GMAW system was operated in anti-phase
synchronized pulsed mode.
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(a)

(b)

(c)
(d)
Figure 3-4: (a) Robotic work cell and Fronius PT-GMAW welding system; (b) tandem
welding system; (c) clamping unit; (d) PLS laser location correction system

Samples were clamped down at each end to prevent movement in the vertical direction
during welding as shown in Fig. 3-4 (c). And to guarantee the amount of heat input, 4
pieces of steel pads were placed under the welding plates. Also a PLS laser location
correction system was used to ensure the direction of welding torch would be right at
middle of two plates as planned.

In order to measure the welding current, voltage and heat input. Thermal couples were
set on plates before welding. In the T-GMAW process for this research, a 700 mm long
weld bead was laid centrally on the DH36 grade steel cut to dimensions of (thickness ×
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width × length)=5 mm × 100 mm × 300 mm with ceramic backing. Welding parameters
are shown in Tab. 3-2 below.

Table 3-2: Welding parameters for the T-GMAW process
WF
TS
Current Voltage Calculated
(m/min)
(m/min) (A)
(V)
HI
(kJ/mm)
16/12
1.40
350/280 32/32
0.86
Sample 1
14/14
1.40
313/296 31/32
0.84
Sample 2
12/16
1.40
285/328 30/31
0.80
Sample 3

3.2.2 DC-LSND

The feature of DC-LSND process is the trailing heat sink after the welding torch. In this
research the welding torch in DC-LSND used the same robot system as in T-GMAW
process. However, the torch was set in a single wire electrode without neither tandem
nor pulse mode. In other words it was a conventional GMAW process with a trailing
heat sink.

According to E. M. Van der Aa’s literature, the cooling source for DC-LSND welding
has to meet several requirements. First of all, it has to have sufficient capacity to rapidly
cool the hot metal surface close behind the weld. Secondly, the cooling source needs to
be applied at a precise and relatively small spot, in order to produce the typical
DC-LSND temperature distribution. Preferably, it should be possible to characterize and
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control the size, the strength, and the shape of the heat sink as precisely as possible.
Furthermore, it is essential that the cooling source does not interfere with the welding
heat source or the liquid weld metal. In case of improper shielding, the welding process
will become unstable, and defective welds will be created. Preferably, the cooling
source should be easy to handle and implement in an industrial setting (e.g. non-toxic
and not too expensive) [64]. And a review of current literature highlights that CO2 snow
is the most effective cooling source [65, 66].

Therefore, cooling process in this research was achieved by delivering stored
compressed liquid CO2 through CO2 snow generating nozzles manufactured by Linde.
The rapid depressurization of the liquid CO2 causes a drop in pressure and hence
temperature of the CO2 resulting in a fluidized solid/gas CO2 mixture. The solid portion
of the mixture is sublimated upon contacting the weld sample, removing heat from the
local area. A proprietary nozzle is used to obtain a stable CO2 flow and corresponding
constant heat transfer capability between tests. Two different nozzles in the Linde
LINSPRAY® CO2 cooling range were trialed, TSF 20, delivering 215g/min, and TSF
30, delivering 440g/min according to manufacturer’s specifications [X-add reference].
Nozzles were used in pairs and mounted to the side of the welding torch, as seen in Fig.
3-5. This allows a nozzle angle of 60 degrees with respect to the sample [67], angled
away from the welding arc to help minimize arc disruption caused by the turbulent CO2
flow.
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(a)

(b)

Figure 3-5: Setup of trailing heat sink: (a) Sketch of experimental setup; (b) Plan view
of experimental setup with CO2 cooling turned on and shielding device

Also a shielding device is required between the cooling source and welding arc to
maintain arc stability according to a review of current literatures [68, 69]. Initial
experiments conducted as part of this research confirmed the shielding problem and as
such, a shielding device was developed to protect the arc and molten weld pool from the
turbulent cooling source [70]. The application of the cryogen on the weld bead trailed
the welding arc by 80 mm as not to upset the molten weld pool and to allow sufficient
room for the shielding device [66].

Table 3-3: Welding parameters for the DC-LSND process
WF
TS
Current Voltage Calculated
(m/min)
(m/min) (A)
(V)
HI
(kJ/mm)
12
1.40
350
32
1.04
Sample 4
14
1.40
313
32
1.03
Sample 5
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4 Microstructure

4.1 Introduction

According to the features of microstructure for weld in heat affected zone, the weld can
be divided into four sections: fusion zone, coarse grain zone, fine grain zone and
inter-critical zone (Figure 4-1). Unlike casting, during welding, when the molten pool is
moved through the material, the growth rate and temperature gradient vary considerably
across the weld pool [71]. Geometrical analyses have developed that weld speed is
relative to the actual growth rates of grain at various locations in the weld pool [72, 73].

Figure 4-1: Overview of a weld [100×]
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In weld joints, the mutual transition region between the weld and heat-affected zone is
called fusion zone. Along the fusion line the growth rate is low while the temperature
gradient is steepest. As the weld centerline is approached, the growth rate increases
while the temperature gradient decreases. Consequently, the microstructure that
develops varies noticeably from the edge to the centerline of the weld. Most of these
micro-structural features can be interpreted by considering classical theories of
nucleation and growth. This zone is normally considered as the weakest area of the
entire joint, wherein the uneven chemical composition and many microstructure defects
such as cold cracking, reheat cracking and brittle phase. Fusion zone microstructure at
room temperature is composed of ferrite, at about 30% of the fusion zone area with a
skeletal morphology characteristic of solidification, and austenite decomposition
products almost all having lath morphology. The microstructure development in the
fusion zone depends on the solidification behavior of the weld pool [71]. The principles
of solidification control the size and shape of the grains, segregation, and the
distribution of inclusions and porosity. Solidification is also critical to the hot-cracking
behavior of alloys. Sometimes, it is convenient to consider the fusion zone as a mini
casting. Therefore, parameters are important in determining microstructures in casting,
such as growth rate (R), temperature gradient (G), undercooling (DT), and alloy
composition determine the development of microstructures in welds as well.
Comprehensive reviews of weld pool solidification based on these parameters are
available in the literature [71, 72]. Microstructure development in the FZ is more
complicated [74, 75] because of physical processes that occur due to the interaction of
56

the heat source with the metal during welding, including re-melting, heat and fluid flow,
vaporization, dissolution of gasses, solidification, subsequent solid-state transformation,
stresses, and distortion. These processes and their interactions profoundly affect weld
pool solidification and microstructure. For most steel, the solubility of the same alloying
element in liquid phase is larger than it in solid phase. Since fusion zone is the transition
zone between solid and liquid phases, solute atoms would spread from solid phase to
liquid phase. The distribution of the density of element in fusion zone is decided by the
partition coefficient and diffusion coefficient of this element in solid-liquid phase. The
segregation of Carbon, Sulfur and Phosphorus is comparatively serious in fusion zone.
In the cooling part after the complete solidification, elements in the fusion zone would
undergo an opposite diffusion process, that is the elements would diffuse to base metal
from the weld. In the welding of same kind of steel, the homogenization of Carbon is
better than Sulfur and Phosphorus because of its better diffusion ability in iron.
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Figure 4-2: Typical microstructure of weld metal of low carbon steel, mixture of lath
pro-eutectoid ferrite and acicular ferrite

Heat affected zone is the area whose temperature is above Ac1 in welding process. In
general, metallographic analysis of the HAZ microstructures reveals that there are three
characteristic regions, a coarse-grained region, a fine-grained region and an inter-critical
region, determined by the peak temperature that the region was exposed to during the
weld thermal cycle [76].If the hardened tendency of steel is comparatively high (such as
high carbon, high alloy steel), the microstructure of the HAZ is mostly consisting of
quenched structure (martensite). In the area close to weld metal, most of microstructure
is appear to be lath martensite because of the serious growth of grain. And the
microstructure in area equivalent to normalizing district is small martensite. According
to different cooling rate and heat input, probably there would also emerge bainite which
would coexist with martensite. All microstructure in heat affected zone of steel with
high hardness is likely to be martensitic; the only difference is the grain size. Martensite
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is formed as a result of the hardening process. Its hardness is low if the carbon content
of the steel is low and high if the carbon content of the steel exceeds 0.4%C. A typical
martensite microstructure and a bainite microstructure are given below in Figure 4-3.

(a)
(b)
Figure 4-3: (a) Martensite microstructure; (b) Bainite microstructure

When parent metal is heated between Ac1 to Ac3, under rapid heating conditions, few
ferrites would integrate into austenite and pearlite, bainite and sorbite would transform
into austenite. In the rapid cooling process, austenite turns into martensite and original
ferrites stay with only different degrees of growth. At last the microstructure of this area
appears to be martensite-ferrite. If the content of carbon and alloying elements is low or
cooling rate is low, sorbite would also probably appear in the microstructure. If the
parent is under a quenched state before welding, then the microstructure of heat affected
zone would probably have a tempering zone despite of the fully quenched zone and
partially quenched zone. Iron-carbon phase diagram is shown in Figure 4-4.
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Figure 4-4: Fe-Fe3C Phase Diagram [77]

To sum up, the distribution of microstructure in HAZ is uneven under welding thermal
cycle.

Historically, the lowest toughness was expected in the grain coarsened heat affected
zone (GC HAZ), which is the part of the HAZ immediately adjacent to the weld fusion
line [78]. During welding, the GC HAZ experiences peak temperatures up to the
melting point, followed by rapid cooling [79]. The high temperatures can lead to
significant austenite grain size and rapid cooling promotes brittle microstructures, which
contain high proportions of ferrite side-plates, bainite and widmanstatten. A current
review of literature shows that the most degraded part in the HAZ is the inter-critical
reheated coarse grained HAZ (IC GC HAZ), which is the region of the GC HAZ heated
to temperatures between the Ac1 and Ac3 by subsequent welding passes [80]. These
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microstructures are known to be sometimes sensitive to cleavage cracking, especially
when some austenite is retained after the bainite transformation, leading to martensiteaustenite comsituents [81]. Partial transformation to austenite occurs during the
intercritical thermal cycle, particularly where austenite stabilizers, such as carbon or
manganese, are segregated in the initial microstructure. These areas include pearlite and
bainite colonies [82].

Also cooling rate had great effect on microstructures of simulated coarse-grain HAZ.
The cooling rate is usually specified as the time taken to cool from 800 degree
centigrade to 500 degree centigrade (t8/5) and can be related to welding heat input (E,
KJ/mm). In the CG HAZ, the high peak temperature results in extensive grain growth,
so that on cooling, ferrite nucleation is suppressed and lower temperature transform
products, such as bainite and martensite, may form. And faster cooling rate produced
mainly lath bainite in accompany with many residual austenite among each bainite lath,
but granular bainite substituted for lath bainite gradually with decreasing cooling rate.
The t8/5 had great effect on impact toughness of coarse-grain HAZ. Cooling rate had
great effect on hardness of coarse-grain HAZ. Hardness of coarse-grain region
decreased with reducing cooling time. There was a drastic decrease when t8/5=90s
which was considered to be the softening region, but it was not significant compared to
the base metal [83]. However, with the introduction of more advanced processing
techniques, such as accelerated cooling and direct quenching, the carbon content and the
carbon equivalent of the steel can be reduced while maintaining the base plate
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mechanical properties [84-92]. This gives rise to improved weld ability. In some cases,
the reduced harden ability leads to a predominantly fine-grained ferritic microstructure
in the CG HAZ, under typical welding conditions and improved toughness [84].

The intercritical heat affected zone (ICHAZ) is located in the partially transformed
region, in which a part of the microstructure transformed into the austenite. The
mixtures of fine ML + upper bainite + granular bainite were formed after cooling, but
no phase experienced the high temperature temper. When the microstructure in ICHAZ
is cooled from the austenite state, fine grained ferrite first forms. And this process
increases the carbon content in the residual austenite. When cooled to 400 to 350℃, the
carbon content of the residual austenite would be 0.5~0.8%. When cooled to a
temperature in the region 300~350℃, part of the residual austenite would separate out
from the lath austenite or the twin martensite and forms the Martensite-Austenite
constituent which is a brittle fracture [85]. When the ICHAZ is quickly heated from Ac1
to Ac3, the temperature is in the range for formation of the upper bainite. During fast
cooling, the formation of granular bainite is favored. When the cooling rate is relatively
slow, the upper bainite and granular bainite are formed easily [86].

4.2 Results

Metallographic analysis was conducted by using a Leika DMRM research microscope.
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Magnification is 500 times and the length of micro bar is 20 microns.

4.2.1 T-GMAW

(a)

(b)

(c)
(d)
Figure 4-5: Microstructure of Sample 1 (Table 3.2) DH36 under conventional T-GMAW
process [500×]: (a) weld metal; (b) coarse grain HAZ; (c) fine grain HAZ; (d)
inter-critical HAZ

The microstructure of the weld metal of T-GMAW weld Sample 1 is shown in Figure
4-5(a). The microstructures of this region consist of lath pro-eutectoid ferrite and
acicular ferrite. And it is obvious that in the weld metal of Sample 1, the proportion of
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the lath pro-eutectoid ferrite is almost 50% of the metallographic which is a sign that the
hardness of this region would be comparatively low since ferrite is a soft phase. The
coarse grained heat affected zone of this weld is shown in (b). It is a mixture of
pro-eutectoid ferrite, upper-bainite and widmanstatten structure. In this region, the
proportion of pro-eutectoid ferrite is even higher than it in weld metal and also there is a
lot of flake acicular ferrite. These phases would decrease the impact toughness of the
weld since cracks would grow along the boundaries between lath blocky pro-eutectoid
ferrite. Figure 4-5(c) shows the fine grained heat affected zone. In this zone most of
microstructures

are

irregular

shaped

blocky

ferrite

and

small

amount

of

martensite/austenite (MA) islands between them. Although there is also some acicular
ferrite, the proportion of it is too small to affect the mechanical properties of this region.
The ICHAZ is shown in Figure 4-5(d). It consists of untransformed granular ferrite,
pearlite, upper bainite and some acicular ferrite. Since shipbuilding DH36 is a low
carbon steel with low hardenability, no lath martensite was observed in the HAZ.

(a)

(b)
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(c)
(d)
Figure 4-6: Microstructure of Sample 2 DH36 under conventional T-GMAW process
[500×]: (a) weld metal; (b) coarse grain HAZ; (c) fine grain HAZ; (d) inter-critical
HAZ

In Figure 4-6, Sample 2, a better T-GMAW weld is shown. Compare to Sample 1, the
grain size of this weld is comparatively small and the distinctions between different
weld parts are very clear. However, the size of pro-eutectoid ferrite in weld metal is still
large. The lath ferrite in coarse grained heat affected zone of this weld is thinner than it
in Sample 1, and the granular ferrite in CG zone of Sample 1 is almost eliminated in this
Sample 2 weld. This would probably owe to a more appropriate welding parameter.

(a)

(b)
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(c)
(d)
Figure 4-7: Microstructure of Sample 3 DH36 under conventional T-GMAW process
[500×]: (a) weld metal; (b) coarse grain HAZ; (c) fine grain HAZ; (d) inter-critical
HAZ

Figure 4-7 shows the microstructure of Sample 3, another weld finished by T-GMAW
process. Like previous two T-GMAW welds, the grain size of this weld is still
comparatively large. And it is obvious that the proportion of pro-eutectoid ferrite in
weld metal of this weld is comparatively high, almost half of the microstructure in weld
metal is pro-eutectoid ferrite.

Above all, the metallography of DH36 under T-GMAW show a microstructure with low
hardness with middle sized grains. It is assumed that this process gives comparatively
longer time for pro-eutectoid ferrite to grow and on the other hand it leads to the lower
acicular ferrite proportion.

4.2.2 DC-LSND
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(a)

(b)

(c)
(d)
Figure 4-8: Microstructure of Sample 4 DH36 under T-GMAW with DC-LSND active
cooling process [500×]: (a) weld metal; (b) coarse grain HAZ; (c) fine grain HAZ; (d)
inter-critical HAZ

Microstructure of DH36 under GMAW with DC-LSND active cooling process Sample 4
is shown in Figure 4-8. In Figure 4-8(a), the microstructure of weld metal is
predominantly acicular ferrite. This kind of microstructure is good for the weld’s
mechanical properties. And since the ferrite here is cross-linked closely together, this
part of weld would probably also have good toughness. Figure 4-8(b) shows a typical
widmanstatten structure with some pro-eutectoid ferrite, upper bainite and acicular
ferrite. Widmanstatten structure is a complex phase structure consist of flakiness formed
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pro-eutectoid phase and flaky pearlite which mostly caused by fast cooling rate during
thermal processes [87]. Here in this weld it can be assumed that this widmanstatten
structure is partially caused by the DC-LSND CO2 cooling process. And caused by the
fragile surfaces formed by flaky ferrite, the toughness of this region would decrease [88].
And the upper bainite microstructure is also a brittle structure, so the impact toughness
of this region would be comparatively low [89]. In Figure 4-8(c), the fine grain heat
affected zone is shown. Different from the CGHAZ, the proportion of pro-eutectoid
ferrite is slightly larger and this ferrite exists between small widmanstatten structure
grains. It is because compare to CGHAZ, the cooling rate in this region is lower since
less CO2 snow can reach this part. So a larger proportion of pro-eutectoid ferrite can be
seen. The inter-critical heat affected zone is shown in Figure 4-8(d). Most of
microstructures here are half-transformed flaky ferrite and comparatively large granular
ferrite.

(a)

(b)
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(c)
(d)
Figure 4-9: Microstructure of Sample 5 DH36 under T-GMAW with DC-LSND active
cooling process with higher cooling rate [500×]: (a) weld metal; (b) coarse grain HAZ;
(c) fine grain HAZ; (d) inter-critical HAZ

Figure 4-9 shows Sample 5 the DC-LSND weld with higher cooling rate. Compare to
the formal DC-LSND weld, the grain size of weld metal is smaller. And it has a lower
pro-eutectoid ferrite proportion. Figure 4-9 (b) also shows a typical widmanstatten
structure. However the CGHAZ in this weld shows a much more consistent structure
than the other one. This result is probably caused by the higher cooling rate. In
fine-grained HAZ and inter-critical zone the micro structure of this weld is also finer
than the other one. So probably there is a trend that with higher cooling rate in
DC-LSND, welds with finer grain can be achieved.
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4.3 Discussion and Conclusion

4.3.1 T-GMAW

Microstructure in all fields showed similar trends for T-GMAW welds. The welds also
showed a microstructure consist of lath pro-eutectoid ferrite which is a soft phase. From
the whole welding plate, the distortion is comparatively small and these distortions can
be corrected by the own weight of steel plates in shipbuilding. Compared to the
conventional SAW welds, these T-GMAW welds have shown obvious smaller grain size
and better microstructure composition.

4.3.2 DC-LSND

From the microstructure it can be concluded that the welds with active cooling process
showed fine microstructure with high hardness since the proportion of pro-eutectoid
ferrite was very small and upper bainite with widmanstatten structure became the main
microstructure in HAZ. The widmanstatten structure probably can be reduced or
transferred into upper bainite by changing the flow rate of CO2 snow. The function of
the active cooling is obviously reflected in microstructure that it leaves relatively short
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time for pro-eutectoid ferrite to grow and cools down the weld to Ac1 very quickly
which refines grains and makes most of the microstructure in weld metal is small
acicular ferrite. And this can possibly explain the result that the weld with higher
cooling rate got a finer grain than the other DC-LSND weld. The characteristics of
DC-LSND welds are listed below:

(i)

DC-LSND welds showed large proportion of acicular ferrite with only a few
pro-eutectoid ferrite in weld metal;

(ii)

In coarse grained heat affected zone, the DC-LSND weld shows a typical
widmanstatten structure which a kind of hard brittle phase with some
pro-eutectoid ferrite;

(iii)

In fine grained heat affected zone, the DC-LSND weld shows pro-eutectoid
ferrite between fine bainitic ferrite structure;

(iv)

In inter-critical heat affected zone, partially transformed ferrite and
comparatively large granular ferrite are shown in DC-LSND welds.
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5 Hardness Test

5.1 Introduction

Hardness is a measure of how resistant solid matter is to various kinds of permanent
shape change when a force is applied. There are different measurements of hardness
because although macroscopic hardness is generally characterized by strong
intermolecular bonds, the behavior of solid materials under force is complex. The
hardness measuring method used in this research is Vickers’s hardness testing which is a
kind of indentation hardness tests. The reason why indentation hardness testing method
is used is that: first, indentation hardness tests are appropriate in determining the
hardness of a material to deformation; second, when testing metals, indentation
hardness correlates with tensile strength [90]. And among all the indentation hardness
tests, Vickers’s hardness testing has the largest scope of the definition.

Vickers’s hardness test is a measure of the hardness of a material which calculated from
the size of an impression produced under load by a pyramid-shaped diamond indenter as
shown in Figure 5-1 whose opposite sides meet at the apex at an angle of 136 degrees
[91]. The diamond is pressed into the surface of the material at loads ranging up to
approximately 120 kilograms-force, and the size of the impression (usually no more
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than 0.5mm) is measured with the aid of a calibrated microscope.

Figure 5-1: Pyramidal diamond anvil indenter on a Vickers hardness tester [91]

The Vickers number (HV) is calculated using the following formula:

HV = 0.102 × F/S = 0.102 × (2Fsinα/2)/ D2 = 1.854(F/ D2)

With F being the applied load (measured in kilograms-force), α being the angle between
the relative surface of indenter and D2 the area of the indentation (measured in square
millimeters).
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Figure 5-2: Schematic of a Vickers hardness test [92]

For carbon steel, the hardness is largely affected by the carbon content and heat
treatment process [93, 94]. Generally speaking, on one hand as carbon content increases,
the proportion of pearlite in microstructure increases, then the hardness of steel
increases; on the other hand, for heat treatment process, as the quenching temperature
increases, the hardness would first increase and then decrease. And as cooling rate
increases, the hardness would also largely increase. Therefore, for welds, the hardness
of welds is mainly affected by welding processes.

In this research hardness test is done by a Leco micro hardness testing machine with a
pressure of 1 kilogram. The results are recorded in two ways, one is in hardness maps
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and the other one is hardness curves. Hardness maps are more intuitive for analyzing the
hardness distribution in welds. And the hardness curves are more intuitive for analyzing
the differences in hardness between different welding processes. The direction of
hardness curves is perpendicular to the welding direction. The test is started from a
center point at the middle of the weld metal and extends to both sides of the weld. 20 to
24 points are tested on each side. The distance between every two adjacent points is
0.5mm. Hardness is recorded by Vickers Hardness (HV).

5.2 Results

5.2.1 T-GMAW

The hardness map and curve of Sample 1 is shown below in Figure 5-3 (a). The whole
welds showed a low hardness and the highest hardness value is just 217 HV which
occurs in the HAZ. Hardness curve of Sample 1 is shown in Figure 5-3 (b). The
hardness of weld metal is higher than the hardness of base metal. And the hardness of
heat-affected zone (HAZ) changes gradually from the hardness of weld metal to the
hardness of base metal. The width of weld metal is about 5 mm and the width of whole
molten metal is about 13.5 mm.
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(a)

(b)
Figure 5-3: (a) Hardness map of Sample 1; (b) Hardness curve (Distance between every
test point is 0.5 mm; Hardness is recorded in Vickers’s Hardness)

In Figure 5-4 (a) the hardness map of Sample 2 is shown. It can be seen that the highest
hardness appears in 2 to 3mm to weld centerline which is the zone of coarse grained
heat affected zone. The transition of hardness in upper part of the weld is cliffy and on
the contrary the hardness transition in lower part is comparatively gentle. In weld zone
and heat affected zone, most part of hardness map appears yellow and green. It means
that the floating range of hardness in this weld is 210HV to 230HV. The highest
hardness value is 241HV. Also, at the range around point (-2, 4), the hardness transition
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is comparatively cliffy. It is assumed that this is caused by the uneven heating in weld
pool during welding process. Figure 5-4 (b) shows the hardness curve of Sample 2. It is
a typical weld hardness curve. The hardness of HAZ is higher than the hardness of weld
metal and the peak of the curve is near the weld metal. And hardness decreases
gradually to base metal from HAZ. The width of weld metal of Sample 2 is about 4 mm
and the width of whole molten metal is about 10.5 mm.

(a)

(b)
Figure 5-4: (a) Hardness map of Sample 2; (b) Hardness curve (Distance between every
test point is 0.5 mm; Hardness is recorded in Vickers’s Hardness)
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Figure 5-5 (a) shows the hardness map of Sample 3. This is also a T-GMAW weld;
however the hardness distribution is comparatively uneven. It appears that the highest
hardness exists between 2 to 6 mm to weld centerline. Different from Sample 2, the
most cliffy hardness transition appears in lower part of the weld. Also it is interesting
that the hardness in root of the weld appears to be almost the same as base metal. The
hardness range of this weld is 200HV to 220HV. The highest hardness value is 219HV.
The hardness curve of Sample 3 is also a typical weld hardness curve which is shown in
Figure 5-5 (b). Different from Sample 2, the hardness gradient from HAZ to weld metal
is comparatively large. The difference value reaches almost 30 HV. The width of weld
metal of Sample 3 is about 5 mm and the width of whole molten metal is about 13 mm.
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(a)

(b)
Figure 5-5: (a) Hardness map of Sample 3; (b) Hardness curve (Distance between every
test point is 0.5 mm; Hardness is recorded in Vickers’s Hardness)

Hardness curves of T-GMAW welds are compared in Figure 5-6.
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Figure 5-6: Hardness curves of T-GMAW samples

The comparison of hardness curves among T-GMAW welds is shown in Figure 5.6. All
three curves show a same hardness transition trend. However, caused by different
welding parameters, the hardness of Sample 2 is higher than Sample 3 which is also
higher than the hardness of Sample 1.

5.2.2 DC-LSND

Figure 5.7 and 5.8 show the hardness maps of DC-LSND welds. The change of welding
process is obviously presented.

In hardness map of Sample 4, the hardness distributes comparatively even. The hardness
decrease region in weld centerline is about 0.5 mm. There is an obvious hardness
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increase in surface of this weld. The highest hardness regions appear at surface of the
weld and coarse grained heat affected zone. It is assumed that the appearance of the
highest hardness in surface of the weld is probably because of the fast CO2 cooling in
active cooling process. And the heat affected zone is between -6 mm to 6 mm to weld
centerline. The highest hardness value is 244HV. The hardness transition is
comparatively gentle. And the hardness floating range of this weld is 210HV to 230HV.
The hardness curve of Sample 4 is shown in Figure 5-7 (b). This weld shows a narrow
weld with. The width of weld metal of Sample 4 is about 2.5 mm and the width of
whole molten metal is about 9 mm. The hardness gradient between weld metal and
HAZ is even. The hardness of weld metal reaches almost the same as HAZ. But still the
highest hardness appears in HAZ.
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(a)

(b)
Figure 5-7: (a) Hardness map of Sample 4; (b) Hardness curve (Distance between every
test point is 0.5 mm; Hardness is recorded in Vickers’s Hardness)

Hardness map of Sample 5 is shown in Figure 5-8 (a). The hardness transition of this
weld is the gentlest of the five samples. Like Sample 4, the highest hardness regions
appear at surface of the weld and heat affected zone. Different from Sample 4, the
hardness decrease region in weld centerline is not obvious. The highest hardness value
is 242HV. Also the region of orange and red in weld zone is larger. It is probably caused
by the higher CO2 cooling rate. The weld zone is between -5 mm to 5 mm. Figure 5-8
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(b) shows the hardness curve of another DC-LSND weld Sample 5. The hardness curve
of this weld also shows a narrow width of weld metal. The width of weld metal of
Sample 5 is about 2.5 mm and the width of whole molten metal is about 9.5 mm. And
the hardness gradient between weld metal and HAZ is even smaller. The difference
between the peak of the curve and weld metal is only 15HV. It is probably caused by the
higher CO2 cooling rate of this weld. This hardness curve also shows a sharp increase
between HAZ and base metal; however the other points beside this increase are just
gentle as the base metal. So it is assumed that this increase is a measurement error.
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(a)

(b)
Figure 5-8: (a) Hardness map of Sample 5; (b) Hardness curve (Distance between every
test point is 0.5 mm; Hardness is recorded in Vickers’s Hardness)

Figure 5-9 shows the comparison of hardness curves among DC-LSND welds.
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Figure 5-9: Hardness curves of DC-LSND welds

Figure 5-9 is the hardness comparison between two DC-LSND welds. It can be seen
that in most parts these two curves are almost the same. The only difference is that the
hardness of Sample 4 in left HAZ is higher than Sample 5. And it is worth noting that
the hardness of Sample 5 in weld metal is slightly higher than Sample 4.

5.3 Discussion and Conclusion

5.3.1 T-GMAW

All T-GMAW welds showed typical weld hardness curves and hardness distribution.
The highest hardness appears in CGHAZ and the transition of hardness is cliffy.
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Hardness curves of T-GMAW welds are typical and the hardness decrease in weld
center is comparatively obvious. Compared to the hardness of conventional SAW,
T-GMAW weld is comparatively harder. It is considered caused by the lower heat input.

5.3.2 DC-LSND

Summarized from above results, several characteristics for DC-LSND welds can be
concluded as follows:

(i)

The welds finished with DC-LSND process have a narrow weld width;

(ii)

The surface of DC-LSND welds exhibited a comparatively high hardness;

(iii)

The hardness distribution of DC-LSND welds is comparatively even;

(iv)

With a higher CO2 cooling rate, the hardness gradient between weld metal and
HAZ decreased.

First, the narrower weld width in DC-LSND welds is probably caused by the CO2
cooling process. This process has shortened the time that welds stay in molten state and
made welds take shape fast. In other words in DC-LSND welds, the heat from weld
pool didn’t spread into parent metal as much as T-GMAW did.

For the second conclusion, it is a result of heat treatment on surface of welds. The
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refrigerant used in this DC-LSND process is CO2 snow which is also known as dry ice.
The temperature of dry ice is -78.5 degree centigrade. This means welds done by
DC-LSND process would experience a very fast quenching process right after melted by
welding torch, especially the surface of welds. This fast quenching process would cause
microstructure like martensite which would make the hardness very high.

The third conclusion can be explained by the thermal cycle of DC-LSND process. The
thermal cycle of DC-LSND process is heating-cooling-heating-cooling. It is to some
extent a tempering process after the cooling process. Therefore the hardness distribution
is comparatively even.

Forth, with a higher CO2 cooling rate, the hardness gradient between weld metal and
HAZ shows a shrinking trend. From the microstructure of Sample 4 and Sample 5, it
can be seen that in weld metal the grain size of Sample 5 is much smaller than Sample 4.
Also the weld metal of Sample 5 has an even lower pro-eutectoid ferrite proportion and
the pro-eutectoid ferrite in Sample 5 is kind of feathery, not lump or strip ferrite any
more. It is because with higher cooling rate, the period weld metal stay at austenite
statement is even shorter, which makes ferrite grain be in shape from merge into each
other. Then as the proportion of pro-eutectoid ferrite decreases, the hardness of weld
metal increases.

So generally speaking, the active cooling DC-LSND process has a hardening influence
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to welds. Although the fast cooling process has a trend to cause cold cracking, the
reheating process after the fast active cooling process would hopefully makes up this
defect. And as DC-LSND increases the average hardness of welds, probably it would
cause a decrease of impact toughness.
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6 Impact Toughness Test

6.1 Introduction

Impact toughness (impact strength) is defined as the amount of energy that a material
can absorb from a sudden, sharp blow before it breaks or fractures. In materials science
and metallurgy, toughness is the ability of a material to absorb energy and plastically
deform without fracturing [95]. That is, the ability to absorb energy in the plastic range.
In other words, toughness is the amount of energy per unit volume hat a material can
absorb before rupturing and is represented by the area under the (tensile) stress-strain
curve which is shown in Figure 6-1 [96]. In service, this loading often occurs in the
form of (sudden) impact.

When considering toughness, one must make the distinction between impact toughness,
which most often occurs under high strain-rate loading above the yield point, and
fracture toughness, which generally occurs under lower strain-rate loading. All steels
have different chemical composition which would result in different strength and
ductility characteristics, and the key to good toughness is a balance between these
properties and overall life-cycle cost [97].

89

Superficially, tough materials can absorb a considerable amount of energy before
fracture, while brittle materials absorb very little. A material with high strength and high
ductility will have more toughness than a material with low strength and low ductility.
Recall that brittle materials may be strong, but they are not tough due to limited strain
values. There is a notional misunderstanding that material with high strength or
hardness would have low impact toughness. However, technically, strength and
toughness are unrelated. A material may be strong and tough if it ruptures under high
forces, exhibiting high strains, while brittle materials may be strong but with limited
strain values so that they are not tough. Generally speaking, strength indicates how
much force the material can support, while toughness indicates how much a material
can absorb before rupturing. In addition to the static mechanical properties, impact
toughness is also critical because it controls the properties and fractures of materials. A
poor toughness would prevent a material’s or a welding technology’s wide application
[98, 99].
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Figure 6-1: Strength/toughness relationship [100]

By understanding the strength and toughness characteristics of a given material,
including both its impact and fracture toughness, failures like inadequate material
properties, improper design, poor manufacturing or fabrication processes, uneven or
excessive loading and pre-existing flaws which would cause catastrophic failures can
most often be addressed.

Toughness of steel is influenced by alloying elements, fabrication techniques,
microstructure, tempering condition and service application. Also, steels with ferritic
microstructures

have

inherently

lower

toughness

when

tested

below

their

ductile-to-brittle transition temperatures. The effects of tempering temperature and
testing temperature to impact toughness are shown in Figure 6-2.
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(a)
(b)
Figure 6-2: (a) Effect of tempering temperature on impact properties; (b) Impact
toughness as a function of temperature [100]

The impact toughness of a material can be measured by a Charpy V-notch impact test.
This test evaluates the effect of high strain-rate loading and a sharp notch on the energy
absorbed for fracture. In the test, weld samples are prepared into a certain shape and
size, put on Charpy test machine under a simply supported beam state. Then the sample
would be thrust at the notch by the lifted pendulum of the machine by a one-time impact.
The absorbed energy is calculated by the altitude difference of the pendulum before and
after the thrust of the sample. The absorbed energy calculated by the test would be an
index in evaluating fracture toughness and cooling aging sensitivity of the material.
Large absorbed energy represents the good impact toughness of the material and means
the material is not sensitive to the notch and other stress concentration of the structure.
The sketch of Charpy impact test is shown in Figure 6-3.
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(a)

(b)

Figure 6-3: (a) Pendulum impact test machine; (b) Charpy test specimen [100]

However, the accuracy of the test is largely depends on the impact test machine and the
specimens. F. Porro and R. Trippodo claimed that the compliance is very sensitive to
internal mechanical factors concerning the load system, as the hammer, the tup, the
anvils and the base to foundation attachment. They demonstrated by many tests
performed in their study and concluded that impact tester compliance can be very
helpful with other characteristic measurements, in the verification of good working
condition of impact testers and in the detection of onset of anomalies. A mandatory
condition for the consistency of compliance measurements is that the impact tester shall
comply with standard verification rules, both direct, as for example ASTM E23, and
indirect, with verification Charpy specimens.

For metrological measurements for Charpy impact test machine verification Albert K.
Schmieder investigated the affects of: (a) pendulum elevation; (b) friction and windage
losses during a full swing; (c) period of oscillation of the pendulum; (d) variation of
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friction loss with angle of swing; (e) location of center gravity; (f) affect of stem
bending on elevation measurement. He claimed that: (i) the direct method of measuring
elevation and the calculation of elevation from measurements of pendulum angle are
about equal in accuracy and the time required; (ii) the accuracy of the single swing
method is not adequate for measuring the specified friction losses and it is
recommended a specified multiple swing method since it takes less time and requires no
auxiliary equipments; (iii) the friction loss in the pendulum during an upswing was
found to be more nearly proportional to the change in the residual energy than to the
change in angle; (iv) the pendulum rod should be always of uniform cross section or
significant errors in the angle of fall may result.

Since the calibration of impact test machines is done by two methods. A direct method
which consists to verify and control the dimensions of the machines; an indirect method
which consists to compare the results of a test done with reference test pieces, between a
reference machine and a machine which is to verify. G. Revise claimed that the values
of geometrical parameters of the machines have an influence on the results of a test. He
demonstrated his opinion by investigating the influence of the position of the center
percussion, the radius of the knife, the impact speed, the distance between the anvils, the
radius of the anvils, the position of the plan of the anvils, the position of the plane of the
support and the position of a bending sample. Then he came to a conclusion that it is
necessary to give dimensional measurements of the impact area of the machine and to
verify that the dimensional differences are all going in the same direction.
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T. Naniwa and M. Shibaike investigated the effects of the striking edge radius on
Charpy impact test by comparing an 8mmR edge with a 2mmR striking edge. They
found that the absorbed energy of the 8mmR striker was higher than that of the 2mmR
when the absorbed energy was above 200Nm. No difference was recognized in the
shear fracture, the lateral expansion and the transition temperature. Also the difference
of absorbed energy between the 8mmR and the 2mmR is caused by the bending
deformation of the test specimen and the friction between the anvil and the test
specimen.

Despite the effects from the test machine, factors from the specimens would also largely
affect the testing result. Factors affecting Charpy impact energy include specimens’
yield strength and ductility, notches, temperature and strain rate and fracture mechanism:
(i) for a given material the impact energy will be seen to decrease if the yield strength is
increased, i.e. if the material undergoes some process that makes it more brittle and less
able to undergo plastic deformation. Such processes may include cold working or
precipitation hardening; (ii) the notch serves as a stress concentration zone and some
materials are more sensitive towards notches than others. The notch depth and tip radius
are therefore very important; (iii) Most of the impact energy is absorbed by means of
plastic deformation during the yielding of the specimen. Therefore, factors that affect
the yield behavior and hence ductility of the material such as temperature and strain rate
will affect the impact energy. And this type of behavior is more prominent in materials
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with a body centered cubic structure, where lowering the temperature reduces ductility
more markedly than face centered cubic materials; (iv) Metals tend to fail by one of two
mechanisms, micro void coalescence or cleavage. Cleavage can occur in body centered
cubic materials, where cleavage takes place along the crystal plane. Micro void
coalescence is the more common fracture mechanism where voids form as strain
increases, and these voids eventually join together and failure occurs. Of the two
fracture mechanisms cleavage involved far less plastic deformation ad hence absorbs far
less fracture energy; (v) some materials such as carbon steels undergo what is known as
a “ductile to brittle transition”. This behavior is obvious when impact energy is plotted
as a function of temperature. The resultant curve will show a rapid dropping off of
impact energy as the temperature decreases. If the impact energy drops off very sharply,
a transition temperature can be determined. This is often a good indicator of the
minimum recommended service temperature for a material.

Robert D. Koester and Steve E. Barcus investigated the effects from the notch of
specimen to the test results. And they claimed that the possible causes of the minor
variation observed in their experiments were the following factors: ligament sizes were
different; radiuses at the bottom of the notches were different; the broached notch had a
slight flattening at its bottom; the broached notch had surface checks and a shallow
amount of micro structural damage at the bottom of the notch.

Since notch machining is very important for the test results, David A. Fink drove his
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research into the quantitative comparison and evaluation of various machining methods
and compared ASTM E23 and ISO standards. He indicated that the use of grinding to
machine the notch is slow and expansive although it is often regarded as the referee
method. Relatively, although the use of a broach to produce the notch is much faster and
less expensive, the experience has shown that it can often lead to poor notch profiles if
the broach is not properly maintained or replaced at sufficient intervals. And there is an
alternative method which is thought to be a compromise in speed and cost that is the use
of milling by means of a single toothed fly cutter. After the exams and comparison, he
found that the ISO results are approximately 4% higher than ASTM values and the
reason why broached notches give a lower impact value may be related to the roughness
of the surface and the microscopic tears observed in the surface as a result of machining.

Charpy impact toughness test should all be prepared as follows in Figure 6-4.
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Figure 6-4: Dimensions and tolerances for Charpy V-notch impact test specimens [101]

According to the Naval Ship Rules published in Jan. 2008, Charpy test procedure should
all comply with the rules as follows:

1. All impact tests are to be carried out on Charpy machines approved by Lloyd’s
Register ( hereinafter referred as LR) and, complying with the requirements of ISO 148
or other recognized International or National Standards and having a striking energy of
not less than 150 J. The testing machines are to be calibrated annually using either a
direct or indirect method.

2. Charpy V-notch impact tests may be carried out at ambient or lower temperatures in
accordance with the specific requirements given in subsequent Chapters of these Rules.
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Where the test temperature is other than ambient, the temperature of the test specimen is
to be controlled to within ±2°C for sufficient time to ensure uniformity throughout the
cross-section of the test specimen, and suitable precautions are to be taken to prevent
any significant change in temperature during the actual test. In cases of dispute, ambient
temperature is to be considered as 18°C to 25°C.

3. Where standard subsidiary Charpy V-notch test specimens are necessary, the
minimum energy values required are to be reduced as follows:
Specimen 10×7.5 mm: 5/6 of tabulated energy
Specimen 10×5 mm: 2/3 of tabulated energy

4. When reporting results, the specimen dimensions and the units used for expressing
the energy absorbed (Joules) and the testing temperature are to be clearly stated.

6.2 Test Conditions and Methods

Testing standard: Lloyd’s Register
Temperature: -20℃
Notch locations: Weld metal, fusion line, fusion line + 2mm and fusion line + 5 mm
Specimen geometry: 5mm×10mm×55mm, notch in the middle of specimen
Sample preparation: Machine the welded plate down to 5 mm from both sides, cut the
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plate into 5mm×10mm×110mm strip, polish the cross section, etch the cross section
with 2.5% nital, mark the notch location, machine the notch, cut the specimen to right
length (make sure the notch is at the middle).

Samples used in this test are Sample 2 and 3, two T-GMAW welds. In order to build up
the variation relationship, three specimens are used in each location.

6.3 Results

The Charpy test results of Sample 2 and Sample 3 are shown in Figure 6-5. The reason
why Sample 1 is not chosen for Charpy test is that the plate of Sample 1 is just 5 mm
which means that the specimens of Sample 1 cannot be machined into sub-sized
specimens.

(a)
(b)
Figure 6-5: (a) Charpy result of Sample 2; (b) Charpy result of Sample 3
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From toughness curves it can be seen that the impact toughness of Sample 3 is almost
twice as Sample 2. It is probably caused by the base metal since the impact toughness of
the base metal in Sample 3 is much higher than Sample 2. And for Sample 2, the HAZ
of this sample comes out to be very brittle. Yet for Sample 3, all parts show a good
toughness value. More information can be found in the macro cross-section analysis.

(a)

(b)

(c)
(d)
Figure 6-6: Macro cross-section structure of Sample 2: (a) base metal; (b) fusion line;
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(c) fusion line plus 2 mm; (d) fusion line plus 5 mm

Figure 6-6 shows the macro cross-section structure of Sample 2. The cross-section
structure mainly consists of inter-granular brittle fracture which shows many small
shiny surfaces and dimple fracture which shows fibrous structure. It is obvious that in
the cross-section of base metal and fusion line plus 5 mm, fibrous dimple fracture is the
only structure. It means that the fractures of these two locations are ductile fractures that
can absorb large amount of impact energy. However, in the fusion line and fusion line
plus 2 mm locations, large proportion of small shiny surfaces which is a typical brittle
structure is shown. It means the fracture path in these two locations is along the gaps
between grains. Then naturally the absorbed energy of these locations is low.

(a)

(b)
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(c)
(d)
Figure 6-7: Macro cross-section structure of Sample 3: (a) base metal; (b) fusion line;
(c) fusion line plus 2 mm; (d) fusion line plus 5 mm

The macro cross-section structure of Sample 3 is shown in Figure 6-7. Although
inter-granular brittle fracture also exists in the fusion line and fusion line plus 5 mm
locations, the proportion of this brittle structure is comparatively low. Also the
deformation of the cross-sections of Sample 3 is very large. This is a result of absorbing
a large amount of impact energy.

6.4 Discussion and Conclusion

Results from T-GMAW welds show that the most brittle location is in fusion line. And
all cross section in HAZ shows comparatively large proportion of inter-granular brittle
fracture which shows many small shiny surfaces. This cannot be totally ascribing to the
welding process being used but still obviously the time welds stay between 800 and 500
degree centigrade and fusion ratio should be controlled in a more appropriate range. As
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we all know, dimple fracture which shows fibrous structure is the wanted result. Then
how to enhance the strength in HAZ of T-GMAW welds should be the direction for the
future research. And both samples in this research reached the standard in Lloyd’s
Register.
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7 Residual Stress Measurement

7.1 Introduction

Residual stress is a kind of elastic stress that is associated with the elastic strain in the
material. So the existence of residual stress is the result of uneven elastic deformation
and elastic-plastic deformation in the material. In other words residual stress is the
reflection of elastic and plastic anisotropy of the material [102].

Temperature and its distribution affect expansion and contraction and the relationship
between stress and strain and thus, RS [103]. Optimizing the welding process can
minimize welding distortion. The magnitude of stress is a function of the weld deposit
size and the effect of shrinkage [104]. Moreover the distribution of residual stress along
the weld can be influenced by the heat input and by phase transformation [105].

Residual stresses arise from misfits in the natural shape between different regions in a
component [106, 107]. In welding structures residual stress is formed as a result of
differential contractions which occur as the weld metal solidifies and cools to ambient
temperature [108]. Welding residual stress are thermal stresses (primary cooling stresses)
with possibly superimposed transformation stresses. The transformation stresses are
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caused by transformation strains which occur in ferric steel as a result of the υ-α
transformation [109]. The nature and scope of this transformation depends on the
cooling rate, austenite retention time and austenite peak temperature.

Imposed mechanical stresses have a significant effect on corrosion, fracture resistance,
creep and fatigue performance [110] of welding structure and a reduction of these
stresses is normally desirable. Residual stress in weld joints can be reduced by heat
treatment [111] or by mechanical stress relieving [112].

There are various ways of measuring or estimating residual stress. The direct
measurements can be either semi-destructive like hole drilling and indenting [113] or
non-destructive like X-ray [114, 115] or neutron diffraction [116], ultrasonic [117] and
synchrotron radiation [118].

X-ray diffraction is the most commonly used non-destructive residual stress measuring
method. Strain caused by macroscopic residual stress can be shown trough change in
interplanar spacing of a certain crystal surface clusters in elastic range, and this change
for sure will cause corresponding displacement in diffraction peaks of X-ray. This is the
theory basis of X-ray diffraction residual stress measurement. X-ray diffraction method
is suitable for material which has neat crystal structure. Test accuracy would be affected
when the size of grain is too small or the component distribution of the material is too
hard to estimate that would make the diffraction peak become wide. Also since the
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penetration depth of X-ray is only 20 to 30 micron, this method can only record surface
stress of weldments [119, 120]. The low penetration depth largely restricts the
application of this method.

(a)
(b)
Figure 7-1: (a): Example of experimental set-up for neutron stress measurement; (b):
Basic geometry of the single-angle technique for X-ray diffraction residual stress
measurement [121].

Neutron diffraction (ND) residual stress measurement (Figure 7-1) has the same
principle with X-ray method that ND also measures residual stress according to the
change of diffraction peak’s location [122]. The only difference is that in ND, neutron
beam is used instead of X-ray beam. Since neutron is not electrical, it doesn’t interact
with electronic around atomic nucleus. That means neutron only deflects when colliding
with atomic nucleus. So compared to X-ray, ND is more powerful in penetration that it
can be used to describe residual stress distribution along the thickness direction. It is
also outstanding in its ability to obtain residual stresses non-destructively within the
interior of components, in three dimensions, in small test volumes (down to
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1mm×1mm×1mm) and in thick specimens (up to several cm) [123].

The neutron diffraction provided us a way to understand the residual stress fields that
develop during the welding. The large scale features of the spatial distribution of
residual stresses can be explained by the thermal shrinkage of the fusion zone, and
individual welding passes, and through thickness temperature gradients that exist during
cooling of the weldment.

(a)
(b)
Figure 7-2: (a): Example of experimental set-up for neutron stress measurement of
lattice spacing in traverse direction; (b): Euler cradle used for d measurement with
neutron diffraction method conducted at the Japan Atomic Energy Agency [124].

So above all, the advantages of neutron diffraction residual stress measurement can be
listed as follows:

(i) Since this method is only a neutron diffraction process, it would not need the weld to
be cut or machined for the test which means this method is non-destructive;
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(ii) As discussed before, neutron diffraction has a deeper penetration compared to X-ray
diffraction method;
(iii) The deep penetration characteristic of this method makes this method capable to
measure the residual stress in a full tri-axial stress state;

Apart from this, neutron diffraction method is also typically used for stress
characterization in novel processes; validation of models and other measurement
methods; microstructural characterization and specific residual stress problems.

Figure 7-3: Welded sample during measurement on Kowari instrument [125].Primary
beam comes from the reactor, the secondary beam are diffracted neutrons which goes to
the detector. Measured strain direction normal in this case lies between these two beams
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Figure 7-4: Comparison of RS techniques for steel components (Lab. XR: laboratory
X-ray; SXD: synchrotron X-ray diffraction; ND: neutron diffraction; HD: hole drilling;
TT: Trepanning technique; CM: contour method; ST: slitting technique; DHD: deep
hole drilling technique) [126]

The principles of the ND technique showing a Bragg reflection from crystal planes is
shown in Figure 7-5. The grain size is greatly exaggerated for clarity; there are normally
a large number of grains in the gauge volume, but only a fraction of these will be in the
correct orientation to meet the diffraction condition at any time.
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Figure 7-5: The sketch of neutron diffraction on Kowari (Bragg’s law: λ= 2dhkl sin qhkl)
[126]

The method relies on a precise evaluation of Bragg peak position, as measured by the
neutron detector, as illustrated in Figure 7-6. It should be noted that the detector is at
twice the Bragg angle, θ, in the Bragg diffraction law: d =  / (2 sin).
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Figure 7-6: Elastic strain from diffraction peak shifts [126]

It is important to note that six different directional measurements per point are normally
required to obtain an accurate stress tensor. However, if the priciplal stress directions are
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known, three perpendicular strain measurements are sufficient. In the model weld
specimen, three main directions: longitudinal (y) parallel to the welding direction,
transverse (x) perpendicular to the weld and normal (z) perpendicular to the plate, are
defined [127].

The residual stresses are derived from the elastic strain measurements of the {211}
reflection of α-Fe. The diffraction elastic constants are close to the bulk Young’s
modulus and Poisson’s ratio for ferritic steel. Young’s modulus of 207 GPa and
Poisson’s ratio of 0.3 were used in he present work for the parent metal, heat affected
zone and weld.

The residual stress/strain profiles are often correlated with the plot of the intensity and
full width at half maximum (FWHM). Integrated intensity decreases proportionally with
the increase of the thickness of the measured sample. It was observed that residual stress
and FWHM could be correlated in the case of plastic deformation in metallic structures.

7.2 Results

Residual stress measurement result of Sample 2 is shown in Figure 7-7. It can be seen
that for this PT-GMAW weld the highest residual stress is in longitudinal direction.
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It was found that the residual stress in the along-weld direction (longitudinal) is highest
across the weld. The highest residual stress in the longitudinal direction for Sample 2
was found in the middle thickness of the plate, as shown in Figure 7-7. The longitudinal
stress close to the surface (1mm below the surface) for this sample reached up to 95% of
the minimum YS of the parent metal close to the weld centerline. The normal residual
stress for DH36 was compressive or very close to 0 MPa across the weld. Transverse
residual stresses were found the highest in the vicinity of the weld and in the middle
thickness of the plate.

Figure 7-7: Residual stress measurement result of Sample 2

And compared to the Submerged Arc Welding (SAW), which is the main welding
method in vessel manufacturing, the residual stress reduction in T-GMAW weld is
shown obviously.
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Figure 7-8: Residual stress measurement result of SAW

Figure 7-8 shows the residual stress in SAW weld. For SAW sample, almost in all areas
of WM and HAZ, the residual stress at the longitudinal direction has exceeded the
minimum yield strength of the material, with the maximum value up to 430MPa. This
means when the stress in weld is released, distortion would perform. Compared to
T-GMAW sample, the transverse residual stress of this SAW sample is also higher.

7.3 Discussion and Conclusion

By comparing two residual stress measurement results from T-GMAW and SAW, the
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advantage of T-GMAW of reducing residual stress in butt welding is outstanding. In all
three directions the residual stress in T-GMAW welds is lower than SAW welds. Also
residual stress in T-GMAW is lower than minimum yield strength in all parts while the
residual stress in longitudinal direction for SAW welds are higher than the minimum
yield strength which means distortion after releasing the residual stress.
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8 Conclusion and Future Work

The control of weld induced residual stress and distortion has been investigated by
many researchers. Compared to currently used shipbuilding welding process Submerged
Arc Welding (SAW) and standard Gas Metal Arc Welding (GMAW), tandem GMAW
and DC-LSND have shown significant advances in distortion and residual stress control.
However, the mechanical properties for T-GMAW in shipbuilding steel should be
further investigated. For DC-LSND process, most research has only been focused on
welding simulation and aeronautic materials like Ti and Al, the performance of this
active cooling process on shipbuilding steel has not been investigated.

In this thesis, T-GMAW and DC-LSND process are applied in welding DH36, a widely
used shipbuilding steel plate, and compared to conventional shipbuilding process
without the trailing heat sink or tandem process by mechanical properties of welds.
After examining experimentally with microstructure analysis, hardness test, Charpy test
and neutron diffraction residual stress measurement, several conclusions are achieved. A
discussion and concluding remarks were given at the end of every experiment chapter.
Key conclusions summarized from formal experiments are presented below.

T-GMAW
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 Welds done by T-GMAW all have comparatively fine grained HAZ and small grain
size in deposited metal;
 All T-GMAW welds showed typical hardness curves and hardness maps;
 Fusion ratio of T-GMAW process should be controlled in a more appropriate range
to reduce brittle inter-granular fracture in cross-section and improve impact
toughness and it is assumed that the appropriate heat input for T-GMAW process is
around 0.84 kJ/mm;
 Compared to SAW, advantage of T-GMAW of reducing residual stress in butt
welding is outstanding.

By analyzing the microstructure of T-GMAW welds, it can be seen that by changing the
heat input of the process, the microstructure can be optimized. Sample 2 showed the
best microstructure of all three T-GMAW samples. It means the appropriate heat input
value is probably around 0.84kJ/mm. Since the heat input of T-GMAW welds is much
smaller than SAW, the time welds stay in molten state is shorter. Therefore T-GMAW
welds have smaller grain size than SAW. And hardness tests for T-GMAW welds
showed typical hardness curves and typical hardness distributions.

Charpy impact test and neutron diffraction residual stress measurement were also done
for T-GMAW welds. It turned out that in some locations, especially fusion line, the
impact toughness is very low. It is probably caused by the low heat input of T-GMAW
process. Therefore the fusion ratio in T-GMAW process should be controlled in a more
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appropriate range to reduce brittleness. Although the Charpy results of DC-LSND
process is not given, it is expected that DC-LSND welds would have even low impact
toughness because of the lower heat input. And by comparing two residual stress
measurement results from T-GMAW and conventional SAW, the advantage of T-GMAW
of reducing residual stress in butt welding is outstanding.

DC-LSND

 Welds done by DC-LSND all have fine grained HAZ with narrow weld width;
 Hardness distribution of DC-LSND welds is uniform and average hardness of
DC-LSND welds is comparatively high, and in some regions hardness of
DC-LSND welds is excessive. In other words the active CO2 cooling process
makes a brittle and hardening tendency on welds;
 It can be prospected that welds done by DC-LSND process would have lower
residual stress than traditional GMAW process because the heat input of DC-LSND
process is much lower.

Samples finished by a trailing heat sink (DC-LSND process) have very narrow HAZ
and fine structures in deposited metal. This phenomenon can be more clearly seen by
analyzing the microstructure. In weld metal, most of the microstructure in DC-LSND
welds showed acicular small ferrite. And in HAZ, all DC-LSND welds showed small
grain size. It is assumed that the fast CO2 cooling process cooled down the weld pool
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under A1 temperature directly and left very short time for pro-eutectoid ferrite to grow.
Then only fine flaky and acicular ferrite is left. Also, since the thermal cycle of
DC-LSND process is heating-cooling-heating-cooling, it is kind of a tempering process
in weld pool. This explains the big difference in microstructure.

By hardness testing, hardness distribution of DC-LSND welds is comparatively uniform
and average hardness of DC-LSND welds is high, in other words the active CO2
cooling process made a hardening tendency on welds. The hardness increase in
DC-LSND welds can be explained by the microstructure of theses welds that most of
microstructures in HAZ is upper bainite and flaky thin ferrite, these structures would
increase the hardness of welds.

This thesis contributes in comparing T-GMAW and SAW processes in butt joints and
providing the advantages of T-GMAW in reducing residual stress and distortion. And
the direction of improvement for T-GMAW to improve impact toughness in welding
shipbuilding plates is given. Also DC-LSND welds are tested by macro and micro
structure and hardness test. Future work should focus on endowing T-GMAW welds
better impact toughness and macro-morphology. And for DC-LSND process, future
work should focus on finding the equilibrium between low residual stress and high
hardness.
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